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ABSTRACT
The Difference Image Analysis (DIA) of the images obtained by the Optical Gravitational Lensing
Experiment (OGLE-II) revealed a peculiar artifact in the sample of stars proposed as variable by Woz´niak
(2000) in one of the Galactic bulge fields: the occurrence of pairs of candidate variables showing anti-
correlated light curves monotonic over a period of 3 years. This effect can be understood, quantified
and related to the stellar proper motions. DIA photometry supplemented with a simple model offers an
effective and easy way to detect high proper motion stars (HPM stars) in very dense stellar fields, where
conventional astrometric searches are extremely inefficient.
Subject headings: astrometry – methods: data analysis – techniques: photometric – stars: variables:
other
1. INTRODUCTION
The Optical Gravitational Lensing Experiment (OGLE)
is a long term massive photometric search for microlens-
ing events (Udalski et al. 1992). Due to intrinsically low
probability of this phenomenon microlensing searches fo-
cus on monitoring the densest stellar fields of the sky, the
Galactic bulge region and the brightest galaxies of the Lo-
cal Group (e.g. Paczyn´ski 1996a). In 1997 the OGLE
project entered its second phase (OGLE-II) when the new,
dedicated 1.3m Warsaw Telescope at the Las Campanas
Observatory∗, Chile, started operation (Udalski, Kubiak
& Szyman´ski 1997). The temporal and spatial coverage
were significantly expanded, currently reaching a total of
11 square degrees in 49 bulge fields, and also including
almost entire bar regions of LMC and SMC. The data is
gradually being released on the Internet.
Woz´niak (2000) started Difference Image Analysis
(DIA) of the OGLE-II images. Using a new technique
invented by Alard & Lupton (1998) and further developed
by Alard (2000) it is possible to match seeings and in-
tensity scales of two images of the same stellar field and
obtain a meaningful difference image. For variable ob-
jects in crowded environments the photometry on differ-
ence frames is superior to conventional PSF fitting. Three
seasons of data for the first OGLE-II bulge field, BUL SC1,
are now in public domain (Woz´niak 2000).
The field BUL SC1 contains about 850,000 stars de-
tectable with DoPhot software (Schechter, Mateo & Saha
1995) on the 2048× 8192 pixel reference image (a stack of
20 best frames). It covers 0.24× 0.95 deg2 and is centered
at α2000 = 18
h02m32.s5, δ2000 = −29◦57′41′′. Correspond-
ing galactic coordinates are l = 1.◦08, b = −3.◦62. The
median FWHM seeing is 1.3′′ in the full set of 197 im-
ages obtained during 3 observing seasons between 1997
and 1999. The frames are taken in drift-scan mode us-
ing a 2048× 2048 pixel SITe3 chip with the approximate
pixel scale of 0.417′′pixel−1 (Udalski, Kubiak & Szyman´ski
1997).
The observed stars have apparent I magnitudes between
11.5 and 20.5 with rapidly decreasing completeness below
I = 19.5. They can be highly blended. The list of can-
didate variable stars in that field contains 4597 objects.
The DIA analysis of these data revealed a peculiar ef-
fect, which was first interpreted as a potential problem,
and later turned out to be a discovery. Some candidate
variables seemed to come in pairs separated roughly by 1
FWHM of the seeing disk. Upon visual inspection of se-
lected cases, we noticed that light curves of stars in such
couples showed approximately linear and anti-correlated
trends over the entire 3 year period. This kind of long term
correlated behavior would be very unlikely an instrumen-
tal artifact. Because the centroid of each candidate vari-
able is determined once for the entire series of images, we
hypothesized that a star having a detectable proper mo-
tion may produce two ”variable stars” in difference frames,
even if the star has a constant magnitude during the ob-
served period. After we confirmed this interpretation, we
learned that Drake et al. (2001) have been working on
the same problem with the MACHO database of conven-
tional PSF photometry, although they proceeded in the
opposite direction. Following the theoretical suggestion
of Andrew Drake they found that some constant stars had
the same type of temporal trend in observations: parabolic
fall-off with increasing scatter, as predicted for stars with
detectable motions. Both searches are compared in Sec-
tion 3.2. Similar possibilities must be hiding in the OGLE
database of standard PSF photometry.
In this paper we discuss this effect and present a list of
selected stars with detectable proper motions. We propose
a method for selecting high proper motion stars (hereafter
HPM stars) in dense stellar fields using difference imaging
and briefly discuss possible applications.
2. THE SIGNATURE OF HIGH PROPER MOTIONS
IN THE DIA PHOTOMETRY
As we mentioned before among candidate variables de-
tected using DIA pipeline by Woz´niak (2000) there is a
∗The Las Campanas Observatory is operated by the Carnegie Institution of Washington
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2noticeable number of close pairs separated in the frame by
the distance comparable to the FWHM of the PSF. Light
curves of both members of the pair are anti-correlated and
approximately linear in time for 3 years covered by obser-
vations. In Figure 1 we show a clear example of this effect.
2.1. Simple model
In the DIA method, a reference image is subtracted from
each individual image in a series of observations for a given
field. This can be done after all images are resampled to
the common pixel grid. Coordinate system is fixed with
respect to the positions of stars in the dominant stellar
population in one of the images called the coordinate tem-
plate, in this case the red clump stars at I ∼ 15.5 mag.
Therefore for imaging towards the Galactic bar, the refer-
ence coordinate system is strongly weighted towards stars
at about 8.5 kpc away. Proper motion of the Galactic
Center at ∼ 6 mas yr−1 is common to all stars in the
Galactic bar region. The majority of stars in the image
should have totally negligible relative motions. The pres-
ence of the foreground disk stars with magnitudes around
I = 15.5 complicates slightly this definition, but the main
assumption certainly holds to the level needed in this pre-
liminary analysis. A better defined reference system can
be used in the future, however it involves major changes
in the software.
Let us suppose that one of the stars in the field (most
likely a nearby one) has a detectable proper motion. Its
centroid will be generally shifted with respect to the ref-
erence image. When the reference image is then sub-
tracted from a given program image a wavy pattern will
appear near the position of the moving star. Figure 2 illus-
trates this phenomenon in one dimensional space using a
Gaussian approximation to the PSF. In the top panel we
schematically show the PSF of the moving star in three
different images taken at three different epochs. The dif-
ference flux after subtraction of the reference PSF from
the two remaining images is shown in the bottom panel.
Clearly the amplitude of the residual increases as the star
moves away from its template position. The residual left in
difference frames by stars with proper motions in a certain
range has a characteristic dipole shape, approximately an-
tisymmetric with respect to the middle point between the
extrema of the two, positive and negative, components.
For moderate proper motions the separation of the poles
in this dipole is larger than the positional shift of the star
between epochs in question and both poles have charac-
teristic width of the PSF, but their shape is not strictly
that of the PSF. When the shift is already comparable to,
or larger than the FWHM, the residual simply consists of
two separate PSF components. This issue will be discussed
further in the context of sensitivities (Section 3.2). In all
cases the axis of the dipole is aligned with the apparent
direction of the star velocity vector in the sky. An example
of this type of residual is shown in Figure 3 for a star with
proper motion of 83 mas yr−1.
The residual in the form similar to the PSF and de-
tectable in several consecutive frames will be included
in the list of candidate variables by the DIA pipeline
(Woz´niak 2000). It is clear from Figure 3 that numerous
cases of HPM stars can be found this way because both
components of the dipole have a good chance to make it
as suspected variables.
The total flux in the dipole will be zero within the errors
as long as the HPM star does not vary itself, and there-
fore at any given time the sum of the differences flux in
both components of the pair will also stay near zero. The
zero flux difference for an individual light curve will oc-
cur at the mean time of the template frames. In case of
the BUL SC1 field most template frames were taken dur-
ing the third season, which perfectly agrees with the flux
difference crossing zero around JD=2451249 (Figure 1).
The trend in flux can be related to the proper motion
µ in a straightforward way. The photometric detection of
two objects in the difference frame for a pair of two indi-
vidual frames at times separated by t can be approximated
as coming from the subtraction of two Gaussians:
f(x) =
Ftot√
2piσ
exp−
(x−µt)2
2σ2 − Ftot√
2piσ
exp−
x2
2σ2 , (1)
where Ftot is the total flux, and µt is centroid the shift.
In order to imitate photometric measurements of Woz´niak
(2000) we expand the right side of Equation 1 for small
µt/σ, take the time derivative and integrate over spatial
dimension between x = 0 to x = ∞ to obtain the slope
of the light curve γ = dF (t)/dt. We find that the proper
motion µ in this linear approximation is related to γ by:
µ =
√
2piσ
Ftot
γ. (2)
The result remains valid in a two dimensional case. For
each HPM star we can choose the coordinate system such
that the displacement and the dipole axis of symmetry will
be along the x axis. The equation in two dimensions inte-
grated between y = −∞ and y = ∞ is then given, again,
by Equation 1.
2.2. Parallax and differential refraction
In Figure 1 it can be seen that the individual slopes
in each season are different from the general slope over
all three seasons. There are at least two additional ef-
fects which change the relative position of the star with
respect to the remaining stars in the field. One of them,
the parallactic motion, is of great interest because it gives
a distance estimate for relatively nearby stars, and HPM
stars are likely to be sufficiently close. The other is differ-
ential refraction, the wavelength dependent centroid shift,
which must be considered in fine astrometric work (e.g.
Binnendijk 1960).
An order of magnitude estimate of the parallax can be
made for a typical thick disk star with the transverse ve-
locity vt = 33 km/s. We have vt = 4.77 µ/pi, and then
µ/pi ≈ 7. This effect is therefore rather small, nevertheless
it could be seen in some of our cases and is worth consider-
ing. In a general field a close star will revolve around the
ellipse in the reference frame of distant stars, for which
the parallax is negligible. The ellipse is determined by the
ecliptic coordinates of the star and the motion should ob-
viously have a one year period. Interestingly, the Galactic
bulge (Sagittarius: α ∼ 18h, δ ∼ −30◦) lies almost on the
ecliptic at λ = 270◦, β = −6◦ in the ecliptic system. In
this case the parallactic ellipse is strongly flattened and
the ecliptic longitude l component dominates (Binnendijk
1960). Furthermore because the ecliptic is nearly parallel
3to the celestial equator there and the CCD chip is aligned
with the axes of the equatorial system, the expected cen-
troid shifts in our data are much stronger in x direction
than in y (α vs. δ). Also, the best time of the year to
observe the bulge is near its opposition with respect to
the Sun, which means that the extrema of the parallac-
tic displacement will be poorly covered by observations,
in particular by observations under good seeing conditions
and at low zenith angles z.
Differential refraction decreases the apparent zenith an-
gle of the observed object by the amount which depends on
the color of the object. Because of the wavelength depen-
dence of the atmospheric refractive index, the images of
stars are in fact short spectra with the dispersion axis di-
rected towards the zenith, and therefore blue objects are
affected more. For general theory see e.g. Kovalevsky
(1995). Alcock et al. (1999) discussed the effect in the
context of the DIA photometry on MACHO images. The
MACHO blue filter is sufficiently broad that the refraction
alone is capable of producing wavy residuals in difference
frames and substantially increasing the photometric scat-
ter. In case of the MACHO data a statistical correction
was applied using color maps of each field. However it
should be stressed that for individual cases with locally
atypical colors this correction cannot work, and may even
have wrong sign. The only way around this problem is the
use of narrow filters. In MACHO red band data the sit-
uation is dramatically better (Alcock et al. 1999) and in
our I band data with the standard Johnson-Kron-Cousins
filter the effect is very small. Nevertheless the quality of
the centroid for I=11–13 mag stars in OGLE images is
sufficiently good to reveal the influence of the color on the
apparent position, and we include in the model the color
dependent term linear in tan(z). The projected shift in
equatorial coordinates α, δ changes with the zenith angle
and hour angle. Somewhat unexpectedly, an asymmetry
arises here. In relatively large part of the sky around the
meridian the shift in δ has null time derivative, while the
shift in α is proportional to hour angle and dominates.
Also the sign of the shift in α depends on whether we look
east or west, which results in unfavorable correlation with
time of the year, despite the fact that the zenith angle is
uncorrelated with date in the observing strategy adopted
by OGLE. This explains a cumbersome coupling between
refraction and parallax (Section 3.2).
3. RESULTS
3.1. Selection criteria
We start by selecting all close couples in the database
of candidate variables of Woz´niak (2000). We only se-
lect couples in which the two components have light curve
slopes of the opposite sign. It is also required that the
absolute value of the ratio of the two slopes is between 0.1
and 10.0. The significance of the slope is assessed using
the Student test. There were 99 couples separated by less
than 4.5 pixels with less than 0.01 probability of insignif-
icant slope in any of the components. There is a small
gap in the distribution of separations around 4–5 pixels,
and there are no interesting cases at higher separations.
The next step is an attempt to detect the HPM star near
the middle position between both (spurious) stars of the
pair. After measuring positions with respect to the neigh-
boring stars at all possible epochs, we perform the Fisher
test comparing models with and without the proper mo-
tion. Parallax and refraction are not considered at this
point. In the final sample we admit 74 stars with less than
1 per thousand probability that the fit improvement with
the addition of proper motion is not significant. For these
candidates we fit the full model including parallactic mo-
tion and refraction. Table 1 contains I magnitudes and
fitted proper motions of stars which passed all criteria.
In Figure 4 we show the two dimensional distribution of
fitted proper motions. Total proper motions µ typically
range from 4 mas yr−1 to 60 mas yr−1.
3.2. Model fits and sensitivity
Figure 5 presents the data and the model for a star
with clearly detected proper motion. We made sure that
most stars do not show similar trends; 4 examples can
be found in Figure 6. For the purpose of this prelimi-
nary announcement we neglect the fact that the mapping
between the template frame coordinates and the equato-
rial system may be locally warped. This hardly affects
any of our conclusions. Typical scatter around the fit to
the coordinate transformation between OGLE-II frames
is about 0.06 pixels (0.024′′) in each coordinate (Woz´niak
2000). Stars in our HPM sample are on average brighter
than stars used to match pixel grids in the DIA pipeline
and have r.m.s. position uncertainty of about 0.03 pix-
els (0.012′′). In principle we should be able to detect some
stars with measurable parallaxes. However, as discussed in
Section 2.2, the influence of differential refraction is corre-
lated with the date of observation and results in the fitting
degeneracy between the parallax and the refraction. Ad-
ditionally, we observe systematic residuals in our fits at 1σ
level, suggesting changes in the state of the atmosphere in
the observed direction between the beginning and the end
of the season. This could be due to either seasonal effects
or differing air conditions towards the land and towards
the ocean. Because refraction dominates the residuals af-
ter the effects of proper motion are taken out, we cannot
report convincing parallax values. Nevertheless, the mea-
sured proper motion agrees quite well with the predictions
of Equation 2, as demonstrated in Figure 7. Keeping in
mind that the photometric estimate for µ in Equation 2 de-
pends on seeing, (FWHM=
√
8 ln 2 σ), we get surprisingly
good information about the direction and magnitude of µ
from fixed centroids and light curves of both components
of the dipole residual, without a single actual positional
measurement. Figure 8 confirms that the fitted amplitude
of the refractive displacement is, indeed, well correlated
with the (uncallibrated) V − I color of the star. This rela-
tion could be used in the future for calculating rather than
fitting the displacement due to refraction.
In our search almost all discovered HPM stars have I
magnitudes between 12 and 14, which suggests that the
present method is not sensitive to faint objects, although
the full range of colors is covered. Drake et al. (2001)
report discoveries all the way to V ∼ 19 using a differ-
ent method based on regular PSF photometry, but they
also mention that in five years of data the lower limit on
detectable proper motion was about 30 mas yr−1. They
find 154 stars in the area of 50 square degrees. We see
numerous good detections below 30 mas yr−1 in 3 years of
observations of ∼ 0.2 square deg, suggesting that the two
4approaches cover different parts of the parameter space. It
should be also pointed out that the reference image com-
posed of frames from a broad range of epochs is not opti-
mal for this kind of work. It tends to wash out the signal by
stretching the reference PSF of the moving star. Without
modifications our method will not be capable of discov-
ering stars with very high proper motions, which quickly
move 2×FWHM away from the location on the reference
image and produce entirely different ”light curves”.
4. DISCUSSION AND FUTURE PERSPECTIVES
The effects of the centroid shift in difference image pho-
tometry for BUL SC1 OGLE field appeared as a serendip-
ity phenomenon. We propose to use this clear signature to
detect HPM stars in very crowded fields. In its present ver-
sion described here, the method is insensitive to very high
proper motions, however the potential for improvement
is great. With the suitable selection of difference images
obtained from a series of observations covering sufficiently
long base line, it should be possible to achieve much better
efficiency and expand the range of detectable µ. Perhaps
the use of light curves in the detection process can be elim-
inated altogether, and one should concentrate on prepara-
tion of good combined reference frames around a number
of epochs along the whole observing sequence. Difference
frames between epochs separated by various time intervals
will reveal the same type of dipole-like residual near stars
with broad range of velocities.
The OGLE survey, and other photometric surveys, of-
fer thus promising astrometric results. Methods like ours,
or the one used by Drake et al. (2001) for the MACHO
data, make it possible to filter out HPM stars out of mil-
lions of constant stars in crowded fields with very little
extra effort. Crowding practically prevented conventional
astrometric surveys like NLTT (New Luyten Two Tenths
catalogue) from detecting stars in the Galactic bulge. It
is generally depleted around b = 0. NLTT goes down to
the photographic magnitude mR = 19.2, but has a de-
tection limit of about 180 mas yr−1. In a small area we
found 37 stars with proper motions between 10 and 80
mas yr−1. Tentative predictions for OGLE-II as a whole
can be made. There are 4 observing seasons and 49 Bulge
fields. All these fields will be reduced by the DIA pipeline
(Woz´niak 2000), and we could therefore expect the de-
termination of more than 1500 proper motions from the
OGLE-II bulge data alone without any software modifica-
tions. It is likely that after fine tuning the technique will
return significantly larger sample of HPM stars.
The possibility that large numbers of HPM stars in
crowded fields may be known within 1–2 years has in-
teresting implications for some proposed experiments to
detect astrometric microlensing. The cross section for
astrometric displacement falls off as the impact param-
eter to −1 power, much slower than power −4 in case
of the photometric disturbance (Miralda-Escude´ 1996 and
references therein). Paczyn´ski (1996b) showed that high
proper motion stars should within a reasonable time cause
predictable microlensing events. In case of closest mov-
ing lenses and much fainter than the source (contrast can
be increased with the proper filter), the astrometric shift
could be measured with the HST and would provide a di-
rect determination of the lens mass. Some of the local
lenses could be white or brown dwarfs. Of course with
the 1 µas accuracy of the Space Interferometry Mission
(SIM) a lot more is possible. The described experiment
using SIM would provide up to 1% accuracy in the mass
determination (Paczyn´ski 1998). Another possibility dis-
cussed by Paczyn´ski (1998) is the determination of stel-
lar radii (or equivalently effective temperatures) from mi-
crolensing events which are astrometric and have resolved
sources due to very low impact parameter. According to
SIM specification, the degeneracy between physical mi-
crolensing parameters can be broken for events out to the
distance of the Galactic bulge and even LMC and SMC,
provided that they are both astrometric and photometric
(e.g. Paczyn´ski 1998). Gould (2000a) proposed to mea-
sure the mass function of stellar remnants in the Galactic
bulge. Samir & Gould (2000) and Gould (2000b) discuss
the selection of candidate objects for SIM. The method
proposed here would greatly extend the list of possible
targets.
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5Fig. 1.— The DIA light curves of two candidate variables in the OGLE-II bulge field BUL SC1. The difference flux between each frame
and the reference frame is shown as a function of the truncated Julian day. The stars are separated by 1.2′′ and are not physical sources.
They are an artifact produced by a single moving object. Note that the flux differences for both members of the pair cross zero near day
1249, which is the mean epoch of the frames used to construct the reference frame.
Fig. 2.— Schematic view of the image subtraction process for a moving star using a Gaussian PSF in one dimensional space. In the top
panel we show the PSF in the reference image (solid line) and in two images taken at later epochs (dotted and dashed lines respectively).
Below there are corresponding residual patterns. For small displacements the amplitude of the residual increases linearly with separation.
6Fig. 3.— The signature of a high proper motion star in difference imaging. We show the averages of 4 early frames (left), 4 late frames
(middle), and their difference (right). Between early and late epochs separated by 920 days the star near the center moved by about 0.5
pixels, as indicated with arrows. Note that the moving star cannot be missed in the difference frame, while finding the same motion in regular
frames requires careful examination. The scale is 0.417′′pixel−1 and the star moves at µt = 83 mas yr−1.
Fig. 4.— Two dimensional distribution of proper motions µα, µδ of stars in Table 1.
7Fig. 5.— Model fit to the coordinates of the star 3743-3744, a photometrically detected high proper motion star. Differential refraction
accounts for most of the residuals around the straight line model and its influence is stronger in x.
Fig. 6.— Coordinates of four stars in the neighborhood of the star 3743-3744 in a 3 year observing period. The positions of stars defining
the frame of reference are stable.
8Fig. 7.— Predictions of Equation 2 versus the actual measured proper motion for HPM stars in Table 1. Taking into account that seeing
variations increase the scatter in this plot, the DIA photometry and the orientation of the dipole residual give a fairly accurate estimate of
µα and µδ. Two outliers with large error bars are both in very tight blends and have uncertain total fluxes.
Fig. 8.— Correlation between the colors for stars in Table 1 and the fitted shift due to refraction (relative vertical displacement at zenith
angle 45◦). Similarly to Figure 7, outliers are members of tight blends.
9Table 1
High proper motion stars found in the OGLE bulge field SC1.
Star I α2000 δ2000 µα∗
† σµα∗ µδ σµδ µt σµt
ID mag h m s ◦ ′ ′′ mas yr−1
21 - 22 14.13 18:02:25.23 −30:25:09.1 7.0 2.0 2.2 1.9 7.3 2.7
95 - 110 14.17 18:02:25.70 −30:24:25.1 5.3 2.7 15.0 2.6 15.9 3.8
121 - 133 13.94 18:02:38.63 −30:24:40.3 −3.5 1.3 −5.6 1.3 6.6 1.9
171 - 172 14.24 18:02:24.59 −30:23:22.4 10.2 1.9 2.7 1.9 10.6 2.7
187 - 198 14.24 18:02:34.98 −30:23:49.6 4.3 2.5 15.1 2.5 15.7 3.6
290 - 291 13.13 18:02:05.40 −30:22:11.9 5.1 1.4 6.6 1.4 8.3 1.9
348 - 357 13.79 18:02:54.88 −30:22:00.1 −7.7 0.8 −1.2 0.8 7.8 1.2
360 - 384 13.63 18:02:00.94 −30:21:12.6 5.4 1.9 −5.1 1.9 7.5 2.7
371 - 372 13.39 18:02:11.32 −30:20:53.6 4.0 1.0 0.5 1.0 4.0 1.4
376 - 377 13.46 18:02:12.99 −30:20:55.5 −0.4 1.5 10.2 1.5 10.2 2.1
382 - 450 12.87 18:02:15.31 −30:20:37.7 17.8 1.5 −9.7 1.5 20.3 2.1
458 - 459 15.08 18:02:19.86 −30:19:54.2 −2.9 1.2 −64.8 1.2 64.8 1.7
513 - 514 13.81 18:02:06.58 −30:19:21.3 8.4 1.6 2.4 1.6 8.7 2.2
519 - 520 13.93 18:02:14.07 −30:19:39.9 9.1 1.5 1.0 1.5 9.2 2.1
624 - 625 13.93 18:02:51.27 −30:18:28.1 4.8 6.5 25.8 6.4 26.2 9.1
628 - 637 12.44 18:02:52.52 −30:18:24.0 11.3 1.8 −5.3 1.7 12.5 2.5
630 - 631 11.67 18:02:53.84 −30:18:01.5 −9.4 1.0 −18.7 1.0 21.0 1.4
664 - 665 14.06 18:02:21.70 −30:17:18.1 0.8 1.7 −0.1 1.7 0.8 2.4
670 - 677 12.88 18:02:40.40 −30:17:57.9 2.9 1.2 −4.5 1.2 5.3 1.7
749 - 750 13.30 18:02:47.71 −30:16:42.1 2.5 1.6 3.4 1.5 4.2 2.2
804 - 805 14.60 18:02:19.13 −30:15:25.0 1.2 1.4 −13.6 1.3 13.6 1.9
809 - 824 13.49 18:02:34.47 −30:15:36.9 −33.2 5.1 −4.9 5.0 33.5 7.2
820 - 821 13.91 18:02:44.46 −30:16:04.6 4.1 1.0 −17.9 0.9 18.3 1.3
840 - 841 13.01 18:03:02.38 −30:16:11.3 −0.8 1.4 6.2 1.3 6.2 1.9
896 - 906 12.86 18:02:59.46 −30:14:58.0 10.9 1.3 2.4 1.3 11.2 1.9
977 - 978 14.42 18:02:02.96 −30:13:31.3 −2.3 1.3 −7.4 1.3 7.7 1.8
1012 - 1013 12.91 18:02:35.04 −30:13:11.4 8.4 2.1 −8.6 2.0 12.0 2.9
1065 - 1071 13.92 18:02:12.81 −30:12:14.0 −9.5 1.2 5.2 1.2 10.9 1.7
1107 - 1108 14.03 18:02:45.14 −30:12:02.4 −3.0 1.7 −11.4 1.7 11.8 2.4
1203 - 1204 13.71 18:02:58.57 −30:11:32.3 −25.6 1.3 −78.4 1.3 82.5 1.8
1351 - 1359 13.37 18:02:25.10 −30:08:30.7 2.2 1.0 6.8 1.0 7.2 1.4
1379 - 1380 13.55 18:02:55.46 −30:08:51.2 −4.1 1.3 −41.0 1.3 41.2 1.9
1410 - 1411 14.51 18:02:18.69 −30:07:24.1 5.4 1.0 2.4 1.0 5.9 1.4
1538 - 1539 13.00 18:02:25.94 −30:06:01.5 4.1 1.0 5.8 1.0 7.1 1.4
1592 - 1593 14.19 18:02:08.53 −30:05:23.1 2.9 0.9 −2.3 0.9 3.7 1.3
1690 - 1697 12.55 18:02:31.27 −30:04:36.2 0.7 1.5 2.2 1.5 2.3 2.1
1751 - 1752 14.06 18:02:09.44 −30:03:34.0 −6.6 1.1 −1.5 1.1 6.7 1.5
1773 - 1787 12.80 18:02:41.77 −30:03:04.0 11.1 1.8 5.8 1.8 12.6 2.6
1858 - 1859 14.02 18:02:39.34 −30:02:16.8 3.1 1.8 4.8 1.8 5.7 2.5
1873 - 1874 13.55 18:02:59.58 −30:02:48.0 10.9 1.1 −25.2 1.1 27.5 1.6
1880 - 1887 14.56 18:03:04.10 −30:02:58.6 −6.6 2.2 −27.8 2.1 28.6 3.0
1901 - 1910 13.54 18:02:21.52 −30:01:26.9 −8.2 1.0 −0.9 1.0 8.2 1.4
1986 - 1998 13.39 18:02:49.91 −30:01:06.4 1.9 1.4 1.9 1.4 2.7 1.9
2064 - 2065 13.58 18:02:04.65 −29:59:15.7 4.3 1.2 10.9 1.2 11.7 1.6
2071 - 2077 14.02 18:02:14.85 −29:58:52.9 −7.9 1.4 −12.2 1.3 14.5 1.9
2157 - 2158 13.70 18:02:28.13 −29:58:01.5 −0.4 1.2 −8.6 1.2 8.6 1.7
2247 - 2257 13.41 18:02:33.95 −29:57:07.3 2.6 1.1 7.4 1.0 7.8 1.5
2255 - 2256 12.49 18:02:46.23 −29:57:27.2 −6.0 0.9 0.4 0.8 6.1 1.2
2391 - 2397 14.24 18:02:31.45 −29:55:26.6 9.3 1.8 −8.2 1.8 12.4 2.5
2525 - 2526 13.50 18:02:22.84 −29:54:06.9 −4.5 0.9 −2.7 0.9 5.3 1.3
2606 - 2607 13.95 18:02:34.76 −29:52:38.3 −3.1 1.2 −13.4 1.2 13.7 1.7
2638 - 2639 14.12 18:03:04.01 −29:52:42.7 20.5 2.3 −16.2 2.1 26.2 3.1
2677 - 2678 14.90 18:02:20.02 −29:51:37.3 13.0 1.4 4.9 1.4 13.9 2.0
2806 - 2816 13.51 18:02:37.58 −29:49:51.2 −7.6 1.0 −6.0 1.0 9.7 1.4
2988 - 2989 13.96 18:02:38.11 −29:48:42.7 8.8 1.5 3.7 1.4 9.5 2.1
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Table 1—Continued
Star I α2000 δ2000 µα∗
† σµα∗ µδ σµδ µt σµt
ID mag h m s ◦ ′ ′′ mas yr−1
3287 - 3300 15.09 18:02:23.29 −29:44:30.6 −17.2 1.8 −24.5 1.7 29.9 2.5
3378 - 3383 13.88 18:02:29.35 −29:44:11.4 −3.9 1.2 −1.9 1.2 4.3 1.7
3387 - 3388 13.12 18:02:34.95 −29:43:46.8 −16.8 1.4 −8.8 1.4 18.9 2.0
3454 - 3455 13.28 18:02:41.66 −29:43:13.5 7.7 1.3 1.0 1.3 7.8 1.8
3501 - 3507 12.92 18:02:13.76 −29:42:04.6 2.4 1.4 −3.2 1.4 4.0 2.0
3667 - 3668 14.22 18:02:11.55 −29:40:42.5 −7.3 1.1 −12.3 1.1 14.3 1.6
3670 - 3678 14.94 18:02:13.00 −29:40:11.9 −16.5 1.9 5.0 1.8 17.2 2.6
3742 - 3750 13.93 18:02:11.69 −29:40:00.8 −5.6 1.4 −7.1 1.4 9.0 2.0
3743 - 3744 12.74 18:02:13.61 −29:39:18.2 62.6 1.2 −23.6 1.2 66.9 1.7
3812 - 3813 11.80 18:02:19.07 −29:38:32.9 −22.1 2.0 16.2 1.9 27.4 2.8
3855 - 3866 13.06 18:02:59.69 −29:38:30.8 5.9 1.3 −3.7 1.3 6.9 1.8
3893 - 3903 14.31 18:02:22.18 −29:37:38.0 4.2 1.4 8.3 1.4 9.3 2.0
3950 - 3951 14.16 18:02:07.51 −29:36:34.4 −1.9 1.1 6.6 1.1 6.8 1.6
3961 - 3970 13.75 18:02:31.02 −29:36:31.7 3.6 1.4 7.8 1.4 8.6 1.9
4003 - 4009 13.63 18:03:04.18 −29:37:18.4 −11.8 1.9 5.2 1.8 12.8 2.6
4066 - 4067 13.96 18:02:53.60 −29:35:51.6 −1.2 1.4 −24.7 1.4 24.7 1.9
4262 - 4263 13.80 18:02:23.86 −29:33:35.0 13.3 1.4 3.5 1.4 13.8 2.0
4304 - 4306 13.09 18:02:47.36 −29:33:02.5 6.7 1.4 −0.2 1.4 6.7 2.0
4479 - 4480 14.52 18:03:01.24 −29:31:53.3 −3.6 1.6 9.7 1.6 10.3 2.2
†µα∗ = µα cos δ
